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Lake ManzalaAbstract In Egypt, Lake Manzala is the largest and the most productive lake of northern coastal
lakes. In this study, the continuous measurements data of the Real Time Water Quality Monitoring
stations in Lake Manzala were statistically analyzed to measure the regional and seasonal variations
of the selected water quality parameters in relation to the change of air temperature and relative
humidity. Simple formulas are elaborated using the DataFit software to predict the selected water
quality parameters of the Lake including pH, Dissolved Oxygen (DO), Electrical Conductivity
(EC), Total Dissolved Solids (TDS), Turbidity, and Chlorophyll as a function of air temperature,
relative humidity and quantities and qualities of the drainage water that discharge into the lake. An
empirical positive relation was found between air temperature and the relative humidity and pH,
EC and TDS and negative relation with DO. There is no significant effect on the other two param-
eters of turbidity and chlorophyll.
 2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Egypt is fairly unique in the distribution of its population,
land-use and agriculture, and economic activity which makes
it extremely vulnerable to any potential impacts on its waterresources and coastal zone. According to Human Develop-
ment Report of the Initial National Communication (INC)
and the United Nations Development Programme [1], Egypt
is highly vulnerable to climate change impacts, which may
jeopardize the country’s development gains.
Lakes are vital component of water resources. Egypt has
various inland water resources, all of which are part of the Nile
River; these include six northern coastal lagoons opening to
the Mediterranean Sea such as Mariout, Edku, Burullus, Man-
zala, Port Fouad, and Bardawil and two opening to the Suez
Canal include Timsah and Bitter Lakes, two closed lakes such
as Qarun and Wadi Al Raiyan, and Lake Nasser the large
reservoir behind the Aswan High Dam [2]. The population
growth and expansion of urbanization in the Nile delta areed water
2 G.A.H. Sallam, E.A. Elsayedimportant problems affecting deterioration of water resources.
The Northern lakes in Egypt serve as reservoirs for drainage
waters, which are contaminated, with anthropogenic materials
[3]. Lake Manzala is the largest and the most productive lake
of the northern Egyptian coastal lakes. It is an important and
valuable natural resource area for fish catch, wildlife, hydro-
logic and biologic regimes and table salt production. It pro-
duces about 50% of the fish catch of the northern lakes and
freshwater fisheries. Lake Manzala is characterized by special
sensitive environments. Human activities including discharge
of sewage and industrial waste and the impact of canal and
road networks have a serious impact on the water quality of
the lake. Diversion of much of the relative unpolluted freshwa-
ter from the drains to El Salam canal in Sinai allowed only the
high polluted drainage water into the lake, undermined the
water quality of the lake and reduced the lake’s productivity
of fish catch. The Lake has been gradually transformed from
a largely marine or estuarine environment to eutrophic brack-
ish water system [4].
The knowledge of the impact of pollution source on the
water resources is essential in environmental water studies as
well as for resource management. The Egyptian National
Environmental Action Plan of 1992 identified Lake Manzala
as among the most heavily polluted water bodies in the coun-
try [5]. The effect of pollution is most noticed along the whole
lake. Consequently, it is important to assess lake water quality
according to its importance as a natural resource and at its
socio-economic aspects as a significant source of inexpensive
fish for human consumption in Egypt [6].
By the late eighties the problem of climate change and its
possible impacts had become an issue of global concern.
Egypt’s climate is semi-arid and characterized by hot humid
summers, moderate winters, and very little rainfall. The cli-
mate of Lake Manzala also is described as an arid Mediter-
ranean [7]. The water circulation and consequently the water
quality of the lake are affected by climatic variables. The cli-
mate change for the Egyptian coastal region of the Nile Delta
has direct effects on the hydraulic and biological functioning
of the lakes, either as freshwater reservoirs, or as brackish
lagoons. The lake and lagoon ecosystems (aquatic vegetation,
migrating fish and birds) would be directly affected by this
change [8].
Not only great efforts are needed for keeping the purity and
healthy of Lake Manzala, but also an additional information is
needed to provide a database for water quality status that
helps the proper management of the lake. There is also an
imperative need for accurate, reliable lake water quality infor-
mation to measure the impacts of climatic variables change on
the Lake Manzala water quality.
The routine water quality monitoring program in Lake
Manzala includes monthly in-situ measurements of water qual-
ity parameters in drains and canals leading into the lake. But
due to the need for information knowledge of spatial and tem-
poral variability of water quality in the lake, an environmental
security and water resources management system using Real
Time Water Quality (RTWQ) warning and communication
was implemented under the Science for Peace initiative of
NATO [9].
The recent information knowledge and environmental secu-
rity system including Remote Sensing and Real Time Water
Quality is a suitable technique for large-scale monitoring of
inland and coastal water quality and its advantages have longPlease cite this article in press as: Sallam GAH, Elsayed EA, Estimating relations bet
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of different biological, chemical and physical variables. There-
fore, recent years have seen increasing interest and research in
RTWQ of inland and coastal waters [10].
Real time water monitoring involves continuous measure-
ment of water related parameters in-situ with results provided
in real time or near real time. This new integrated water mon-
itoring, warning and reporting system will allow water man-
agers to protect the integrity of Egypt’s vital water resources
against any natural or anthropogenic threats, take immediate
corrective and mitigation measures, and report the suitability
of water for designated beneficial water uses. Such a real time
water monitoring network will lay the foundation for greater
environmental security and water resources management [11].
Therefore, the main objective of this study was to analyze
statistically the continuous measurements data of the Real
Time Water Quality Monitoring stations in Lake Manzala to
measure the regional and seasonal variations of some selected
water quality parameters and then to elaborate simple formu-
las using the DataFit software to predict the selected water
quality parameters of the Lake including Power of Hydrogen
(pH), Dissolved Oxygen (DO), Electrical Conductivity (EC),
Total Dissolved Solids (TDS), Turbidity, and Chlorophyll as
a function of air temperature, relative humidity and tide height
at port said as co-varying with wind speed and direction in
addition to drainage discharge quantities and qualities as the
main factors that affect the water quality parameters of the
Lake.
2. Study area description
Manzala Lake is located on the northeastern edge of the Nile
Delta, separated from the Mediterranean Sea by a sandy beach
ridge. It is the largest of the delta lakes and it is bordered by
Mediterranean Sea to the north and the north-east, the Suez
Canal to the east, Dakahlia and Sharkia Provinces to the south
and the Damietta branch of the Nile to the west as shown in
Fig. 1. The lake lies within three governorates and the two
macroeconomic regions of the Suez Canal and the Delta [6].
Lake Manzala is located between latitudes (310005100) and
(313102500) north and longitudes (314601000) and (321901700)
east. It extends 64.5 km in its maximum length, 49 km in its
maximum width and 239 km in total length of the shoreline.
It is shrinking in size; the rate of shrinking of the total area
from 1922 to 1995 was estimated, being 5.22 km2/yr. The
greater losses of the lake areas were detectable along the west-
ern and southern borders of the lake [12]. In 1900 its area was
1907 km2, while its area as measured by land sat imagery in
1981 was about 909.85 km2. As a result of presence of a large
number of islets in the lake, the area of open water is only
about 700 km2 [13].
2.1. Hydrological characteristics
The lake is connected to the Mediterranean Sea via three out-
lets as shown in Fig. 1, and these opened connections allow an
exchange of water between the lake and the Sea. These outlets
are El-Gamil, El-Boughdady and the new El-Gamil [14]. The
lake is also connected to the Suez Canal at El-Qabouti and
connected with the Damietta branch of the Nile through the
El Inaniya Canal. Therefore, the southwestern corner of theween temperature, relative humidity as independed variables and selected water
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Figure 1 Layout map of Lake Manzala and locations of RTWQ.
Relations between temperature, relative humidity and water quality parameters 3lake receives the majority of its freshwater input from the Serw
and Faraskur pumping stations, and the Inaniya Canal. The
lake is shallow, with an average depth of about 1.25 m [15].
Lake Manzala is a highly dynamic aquatic system that has
undergone considerable physical, chemical and biological
changes during the past century. This was as a result of differ-
ent aspects of human impacts, such as the closing and/or open-
ing of straits, establishment of the Aswan High Dam, silting of
the lake, continuous drying processes for cultivation purpose
and human settlement and pollution with different kinds of
water discharge into the lake [16]. Several main agricultural
drains used to flow into Lake Manzala and affect its water
quality. Drainage water contributes about 98% of the total
annual inflow to Lake Manzala. The lake received about
7500 million cubic meters of untreated industrial, domestic
and agricultural drainage water, and this amount of water
was reduced to about 4000 million cubic meters after construc-
tion of El-Salam Canal. This water is discharged annually into
the lake through several drains: Bahr El-Baqar Drains (domes-
tic and industrial sewage), Hadous, Ramsis, El-Serw and Far-
askur Drains (agricultural effluents) [17].
El-Wakeel and Wahby [18], Akram [9], Flower et al. [19],
Barakat et al. [20], and El-Shabrawy and Germoush [21],
divided the lake into three zones from the perspective of water
quality. The regions are as follows:
 The south eastern region which receives mainly drainage
water,Please cite this article in press as: Sallam GAH, Elsayed EA, Estimating relations bet
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drainage water, and
 The western region affected by drainage water, seawater
and freshwater (during flood time only).2.2. Climate and meteorological information
The climate of El Manzala Lake is described as an arid
Mediterranean. The mean annual rainfall over the area is less
than 100 mm. Air temperatures do not exceed 35 C in the
summer months. Air pressure has no huge differences during
the different seasons of the year [8].
The average surface wind speed at the lake ranges between
17.2 km/h, in the northern border, and 8.1 km/h in the south-
ern region. The wind speed tends to be lower in July and
August, increases progressively in November and January
and attains its maximum in April. At the southern region the
prevailing wind direction is north and northeast, while at the
coastal locations the direction is northwest. The net inflow
and outflow balance indicates a consistent annual input to
the Mediterranean from the Lake. The tide at Port Said head-
land is estimated as the difference between the mean high
water level (50-cm) and the mean low water level (20-cm).
The tide happens twice a day and the average depth of
the lagoon is less than 2 m; this means that there is about
15–30% per day shift in water level between lagoon and the
sea. So the tidal effect could be considered in low inflowween temperature, relative humidity as independed variables and selected water
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sive storms [22].
The temperature of the water in the lake is highly affected
by the air temperature due to water shallowness. The lake is
located in the arid and semiarid area, where the temperature
is highly varying from summer and winter and from day and
night. Air temperature is affected by the geographic location
that is close to the Mediterranean Sea. According to the Egyp-
tian Metrological Organization records for the last century, the
mean air temperature usually attains its minimum value of
about 12.5 during the winter season. It increases gradually
through spring, reaching its average maximum values of 30
in summer [17].
The mean monthly relative humidity ranges between 65%
and 75% all over the year. The maximum relative humidity
(75.6%) is observed in January and it decreases to 60% during
April–June. These trends may reflect the origin of the air
masses over the region. The low spring values appear to be
caused by the dry winds associated with the Khamasin depres-
sions. The winter peak is due to the predominance of winds
coming from the sea at the north in this time [8].
3. Water quality
Water quality monitoring is the integrated activity for evaluat-
ing the physical, chemical and biological characteristics of
water in relation to human health, ecological conditions and
designated water uses [23].
The most widely measured parameters in the real time
water quality stations are pH, Dissolved Oxygen (DO), Electri-
cal Conductivity (EC), Total Dissolved Solids (TDS), Turbid-
ity, and Chlorophyll [24]. These parameters are the focus of
this research.
3.1. pH
The pH value is a very important factor in the study of water
chemistry. It is a major factor affecting the availability of
nutrients to plants and animals. pH will cycle in the presence
of large quantities of algae and macrophytes due to the photo-
synthetic cycling of CO2 [25]. The pH test is one of the most
common analyses in water testing. An indication of the sam-
ple’s acidity, pH is actually a measurement of the activity of
hydrogen ions in the sample. The pH measurements run on
a scale from 0 to 14, with 7.0 considered neutral. Solutions
with a pH below 7.0 are considered acids; those between 7.0
and 14.0 are designated as bases. A range of 6.5–8.2 is optimal
for most organisms [26].
Typically, pure water (neutral) has pH equals 7. Rainwater
is usually slightly acidic (pH 6.5) while seawater is usually
slightly basic (pH 8.5). Low pH (0–5 units) can be caused by
acidic industrial effluents and fallout from the burning of high
sulfur fuels. High pH (9–14 units) can be caused by caustic
industrial effluents and return irrigation flows from saline agri-
cultural areas [27].
3.2. Dissolved oxygen
Dissolved oxygen is a measure of the amount of oxygen freely
available in water. The concentration of Dissolved Oxygen
(DO) gives information on the possibilities for flora and faunaPlease cite this article in press as: Sallam GAH, Elsayed EA, Estimating relations bet
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trolled by consumption by aerobic organisms, consumption
by plants during darkness, production by plants during day-
light, exposure (or lack of) by natural reiteration (waterfalls
and riffles) and water temperature, flow and depth. The DO
for surface water ranges from 0 in extremely poor water con-
ditions to a high of 15 mg/l in very healthy water. However,
at temperatures 15–30 C, 15 mg/l DO is 150–250% supersat-
urated that means a potential sign of a very unhealthy
eutrophication. The oxygen content of natural water varies
with temperature, salinity, turbulence, and the photosynthetic
activity of algae and plants. In freshwater, concentrations
range from 15 mg/l at 0 C to 8 mg/l at 25 C [28].
Low dissolved oxygen level (0–8 mg/L) is an indicator of
high oxygen demand on the water caused by either high bio-
logical or chemical oxygen demand (BOD or COD). High
BOD is caused by the decomposition of organic material in
industrial and municipal effluents (pulp and paper plants and
sewage treatment facilities) and production of organic material
in the lagoon itself that can result in fish kills [22]. Any inor-
ganic chemical that consumes oxygen as it degrades causes
high COD. High dissolved oxygen levels (12–15 mg/L) can
be caused by excessive algal and macrophyte growth and usu-
ally due to the photosynthetic cycling. Mid range dissolved
oxygen values (8–12 mg/L) are usually an indicator of a
healthy system [27].
3.3. Electrical Conductivity (EC)
The common method for evaluating the total salt content in
water is by measuring the electrical conductivity of water
(EC) at 25 C. Electrical Conductivity is a measure of the abil-
ity of water to pass an electrical current. EC indicates the
amount of dissolved substances (salts). Electrical conductivity
is expressed in mmhoS/cm (mS/cm). There is a relation
between the electrical conductivity and the concentration of
salts in milliequivalents per liter. Every 10 meq/liter of salts
(cation concentration) creates 1 mS/cm EC. The sum of
cations should equal the sum of anions. The accuracy of the
chemical water analyses should be checked on the basis of this
relationship [29].
Low electrical conductivity is an indicator of pristine or
background conditions but in the presence of low pH can indi-
cate the removal of most salts. High conductivity (1000–
10,000 mS/cm) is an indicator of saline conditions caused by
high evaporation, saline irrigation returns or runoff and caus-
tic or alkaline industrial processes [27].
3.4. Total Dissolved Solids (TDS)
Total Dissolved Solid (TDS) is a water quality parameter
defining the concentration of dissolved organic and inorganic
chemicals in water. It is used to evaluate the quality of fresh-
water systems. TDS is an indication of the potential buffering
capacity of water and water hardness. TDS concentrations are
equal to the sum of positively charged ions (cations) and neg-
atively charged ions (anions) in the water. Water is tested for
TDS because excessive amounts may be unsuitable for aquatic
river life, it can affect the buoyancy of fish eggs and other
organisms, and because of poor crop irrigation, in addition
to being unsuited for drinking water [27].ween temperature, relative humidity as independed variables and selected water
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Table 2 Relation between chlorophyll concentration and
productivity.
Productivity/
Trophic Status
Water look Chlorophyll
concentration (lg/L)
Oligotrophic Clear Less than 8
Oligo-mesotrophic Usually clear Occasionally over 8
Mesotrophic Sometimes green 8–25
Eutrophic Green most of
summer
26–75
Hyper-eutrophic Frequent dense
algal blooms
Over 75
Relations between temperature, relative humidity and water quality parameters 5Primary sources for TDS in receiving waters are agricul-
tural runoff, leaching of soil contamination and point source
water pollution discharge from industrial or sewage treatment
plants. Table 1 shows the water classification by salinity
according to Phocaides [29].
3.5. Turbidity
Turbidity is a principal physical characteristic of water and is
an expression of the optical property that causes light to be
scattered and absorbed by particles and molecules rather than
transmitted in straight lines through a water sample. It is a
measure of the translucence of water and the amount of sus-
pended material in water at any one particular time. It is
caused by suspended matter or impurities that interfere with
the clarity of the water. These impurities may include clay, silt,
finely divided inorganic and organic matter, soluble colored
organic compounds, and plankton and other microscopic
organisms [28].
In most equipments, turbidity is measured by emitting
infrared light from a known source and measuring the amount
of backscatter from suspended particles. The greater the
backscatter, the higher the turbidity, measured in NTUs
(nephelometric turbidity units). High levels of turbidity can
change the diversity of aquatic systems and can shade out
aquatic plants and other fauna. Increased turbidity can also
affect water temperature and distribution of heat through the
water column. Surface water can become warmer and subsur-
face water may become cooler due to the shading action [27].
3.6. Chlorophyll
Chlorophyll gives plants their green color and is produced by
microscopic plants called algae in lakes and rivers. There are
many human activities that affect chlorophyll in water, such
as sewage inputs and destruction of lake and river shorelines.
More chlorophyll indicates more algae, and algae are very
important because they form the base of the food chain. If con-
ditions are suitable in the water, algae can grow and cover
lakes with green scum or make the water look greener than
normal. Algae blooms may be dangerous for fish because when
algae die, bacteria decompose them and use up oxygen in the
water. When oxygen levels decrease, fish can suffocate and
die. This happens in areas where human activities have caused
algae to grow much more quickly than normal [30].
This means that a medium level of algae is needed to be
enough to feed the food chain – but not so much that bacteria
go crazy decomposing and use up all the oxygen. Table 2 indi-
cates how chlorophyll is translated into productivity.Table 1 Water classification by salinity.
Water classification EC (mS/cm) TDS (mg/L)
Non-saline water <0.7 <500
Saline water 0.7–42 500–30,000
Slightly saline 0.7–3.0 500–2000
Medium saline 3.0–6.0 2000–4000
Highly saline >6.0 >4000
Very saline >14.0 >9000
Brine >42 >30,000
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The methods used to perform Water Quality Monitoring
(WQM) have changed dramatically over the last 10 years
resulting in improving knowledge and understanding of the
relation between water quality and changes in hydrology, geol-
ogy, and climate. Technological advances in water-quality
sampling and recording instruments allow for an almost con-
tinuous record of the concentrations of water-quality variables
in streams and rivers. A device that measures water quality in
this way is called Real Time Water Quality (RTWQ) monitor.
These monitors have sensors and recording systems to measure
physical and chemical water-quality field parameters at dis-
crete time intervals at point locations [31].
However, the data collected are only as good as the quality
assurance and quality control procedures, and the quality
assessment measures incorporated into the sampling program.
In-stream water-quality sensors provide continuous measure-
ments (typically, every 5–60 min) of water-quality conditions
that may vary widely over short periods of time due to any nat-
ural or anthropogenic threats. Communication and data retrie-
val can be done on-site with a laptop or hand-held display or
remotely in real-time via a phone or satellite. When water man-
agement officials notified of these changes, they are able to
respond by altering treatment [11].4.1. Data collection
The National Water Research Center of Egypt recently initi-
ated applying the new Water Quality Monitoring technique
using RTWQ instruments for some strategic points in the
Water resources system of Egypt including Lake Manzala.
This advanced technique for water quality sampling allows
for real-time (continuous) records of concentrations of
water-quality variables in water streams.
The water monitoring system implemented in Lake Man-
zala comprised of three real-time water monitoring stations
and setup of a data collection and reporting command center.
The stations locations were selected to cover different regio-
nal zones in the lake. As shown in Fig. 1, station 1 is located
in the West side of the lake, station 2 located at the North
east side and finally station 3 located at the South east side.
The meteorological data were collected from the nearest
weather station to the study area which is Port Said Airport
station (http://www.wunderground.com/weather-forecast/EG/
Port_Said_Airport.html) [32]. The location of this station isween temperature, relative humidity as independed variables and selected water
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3116.7640N).
As the main objective of this study was to assess the impact
of the change of air temperature, relative humidity and tide
height at port said during the day and night of the summer
and winter seasons in addition to drainage discharge quantities
and qualities on the water quality parameters of the Lake
Manzala, the continuous measurements data of the Real Time
Water Quality stations in the Lake were used. The water qual-
ity parameters are measured in real time using a HACH
Hydro-laboratory multi-parameter probe. The real-time net-
work in the monitoring sites was provided with sensors to mea-
sure pH, DO, EC, TDS, Turbidity, and Chlorophyll. The data
are recorded in a data-logger at the data collection platform
every 15 min and are adjusted to take its average; through
which an average is calculated in order to get an hourly record.
The study period started at 27 July 2009 till 20 May 2010 to
include water quality measurements and meteorological data
during different seasons to achieve the main objective of the
study. The tide height was collected from the following site:
http://www.mobilegeographics.com/.
4.2. Statistical analysis
To achieve the purpose of this study, the data were statistically
analyzed by using the box-and-whisker plot to measure the
regional and seasonal variations of the selected water quality
parameters. Box and whisker plots are uniform in their use
of the box [33]. In descriptive statistics, a box-and-whisker plot
is a convenient way of graphically depicting groups of numer-
ical data through their five-number summaries: the smallest
observation (sample minimum), the bottom of the box is
always the 25th percentile or lower quartile (lower quartile
value is the median of the lower half of the data), median,
the top of the box is the 75th percentile or upper quartile
(upper quartile value is the median of the upper half of the
data), and largest observation (sample maximum).
Secondly, Data-Fit software as a science and engineering
tool that simplifies the tasks of data plotting, regression anal-
ysis (curve fitting) and statistical analysis was used to elaborate
simple formulae that can help in predicting the water quality
parameters of Lake Manzala including pH, DO, EC, TDS,
Turbidity, and Chlorophyll as a function of air temperature
and relative humidity and measure the impact of these climatic
variables change on the water quality parameters. Oakdale
Engineering develops Data-Fit curve fitting (nonlinear regres-
sion) and data plotting software was used. Curve fitting refers
to fitting curved lines to data. These curved lines come from
regression techniques or interpolation. The main objective of
curve fitting is to gain insight into the data set. This will lead
to improve data acquisition techniques for future experiments,
extract physical meaning from fitted coefficients, and draw
conclusions about the data’s parent population [34].
The fitting curve process was carried out using the collected
data from 27 July 2009 till 20 May 2010. The regression mod-
els were developed for each water quality parameters in rela-
tion to the air temperature and relative humidity, and then
sorted according to the goodness of fit criteria (Residual
Sum of Squares and Relative Mean Error). In all cases, the for-
mula that has higher coefficient of determination (R2) and less
Relative Mean Error (RME) was selected as a best fitted for-Please cite this article in press as: Sallam GAH, Elsayed EA, Estimating relations bet
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provides exactly the value of coefficient of determination.
5. Results and discussion
The continuous measurements data of the Real Time Water
Quality Monitoring stations in Lake Manzala, from 27 July
2009 till 20 May 2010, were statistically analyzed by using
the box-and-whisker plot method to measure the regional
and seasonal variations of the selected water quality parame-
ters in relation to air temperature and relative humidity. The
Data-Fit software was used to elaborate empirical relations
between air temperature and the relative humidity and pH,
DO, EC, TDS, Turbidity, and Chlorophyll.
5.1. The regional variations of the selected water quality
parameters
Fig. 2 shows the results of the statistical analysis of the col-
lected data of the three RTWQ stations by using box and whis-
ker analysis to measure the regional variations of the selected
water quality parameters in Lake Manzala. The pH measure-
ments in Lake Manzala show that pH values in the lake were
alkaline and have a slight regional variation. The pH values
were fluctuated from 7.52 to 9.48. As shown in Fig. 2a, the
fluctuation of pH values is decreased from the east to the west
so the fluctuation of measurements in station 3 is more than in
the other two stations. So it is clear that, in the western region
of the lake (station 1), the pH values lie in the alkaline side and
mostly above 8.0. Moreover, the pH values in the North east-
ern region (station 2) are slightly higher than those of the
South eastern region (station 3). This result is in agreement
with the previous results of El-Wakeel and Wahby [18] and
Ali [13]. They reported that the pH values of Lake Manzala
were fluctuated from 7.45 to 8.90 with slight regional and sea-
sonal variations. These results are also in agreement with those
obtained by Fathi and Abdelzahar [35] who reported that the
change in pH value was always in the alkaline side and ranged
between 7.7 and 9.0.
It is also clear that the pH values near the drains (El-
Gammaliah drain, El-Serw drain and Inaniya drain in front
of station 1 and Bahr El-Baqar drain in front of station 3)
are lower than the other areas of the lake. This could be
explained on the basis of the fermentation of the organic mat-
ter and liberation of hydrogen sulfide and methane gases which
lead to lowering pH values. These results are in agreement with
the previous results that obtained by El-Wakeel and Wahby
[18] and Ali [13].
The recorded measurements of Electrical Conductivity
(EC) clear that the lake is brackish. These measurements are
in agreement with the previous observations of Elewa et al.
[36] and Fishar [37]. Elewa et al. [36] mentioned, the variations
in the water conductivity were relatively limited, and charac-
teristic for brackish water is observed at most locations, except
the area that is related to the Sea–Lake connection through El-
Gamil outlet which has high EC value. Fishar [37] indicated
that the lake is brackish and the northern portion of the Lake
has high salinities ranging from 3000 mg/L to 35,000 mg/L due
to the influence of the Mediterranean Sea. Historically the
salinity of the lake was higher [7]. Fishar [37] also mentioned
that the implementation of the El Salam Canal project willween temperature, relative humidity as independed variables and selected water
.org/10.1016/j.asej.2015.10.002
Figure 2 The regional variations of the water quality parameters in Lake Manzala.
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8 G.A.H. Sallam, E.A. Elsayedrequire the diversion of water from the delta. This is expected
to significantly increase salinity in the lake to 8000 mg/L from
the present 3000 mg/L.
Ali [13] also recorded that, both electrical conductivity and
salinity values are distributed in Lake Manzala in a similar
trend. Their values increased in the north eastern area near
to Boughaz El-Gamil recording the maximal values of
43.8 mS/cm and 22.5% respectively. He mentioned that, these
results are in agreement with those obtained by Khalil and
Bayoumi [38] and Abdel-Satar [39].
Fig. 2b shows that the northern region of the Lake at sta-
tion 2 has the highest salinities due to its location in the North
eastern region in between the outlets that connected the lake to
the Mediterranean Sea (El-Boughdady and El-Gamil) as men-
tioned before by Fishar [37]. The salinity values at station 2
range from 5.47 mS/cm to 59.7 mS/cm with a median equal
to 22 mS/cm. However, the values of EC in the other two sta-
tions which are near the drains and strongly affected by drain
effluents are slightly lower and nearly varied and distributed in
a similar trend. Station 1 records vary from 4.06 mS/cm to
43.4 mS/cm with a median value equal to 16.7 mS/cm. On
the other hand, the records in station 3 vary from 3.73 mS/
cm to 54.6 mS/cm with a median value equal to 15.5 mS/cm.
On the other hand, the total dissolved solid values have the
same trend as the salinities measurements. The highest values
are found in station 2 records which impacted by saltwater
of the Mediterranean Sea. Fig. 2c shows that there is a big fluc-
tuation in the measurements of the three stations.
As mentioned before by El-Wakeel and Wahby [18], the
RTWQ measurements indicated that the water of Lake Man-
zala is moderately oxygenated and showed no signs of oxygen
depletion in the different regions except in station 3 which is
strongly affected by Bahr El-Baqar drain effluents as indicated
by Elewa et al. [36]. There is a limited regional variation in the
measurements as shown in Fig. 2d. Fig. 2e and f shows the sta-
tistical analysis of the turbidity and chlorophyll measurements.
The results indicated that in station 1, there is a high concen-
tration of chlorophyll affected by agricultural runoff. How-
ever, in station 2 there is low chlorophyll and high turbidity
due to re-suspension caused by waves because it is impactedTable 3 Monthly Drainage Inflows to Lake Manzala (August, 200
Month Bahr El-Baqar
drain
Q (MCM/month)
Farasqur pump
station
Q (MCM/month)
Mataria pump
station
Q (MCM/mont
August 101.61 49.29 122.74
September 89.05 36.41 84.49
October 102.65 21.58 57.58
November 102.69 22.30 58.51
December 103.48 16.16 22.10
January 99.07 19.83 56.61
February 93.74 21.67 30.52
March 103.74 27.25 23.77
April 79.33 21.87 39.69
May 76.05 27.10 30.23
June 71.80 27.37 44.48
July 84.66 18.51 30.23
Total 1107.87 309.34 600.95
Please cite this article in press as: Sallam GAH, Elsayed EA, Estimating relations bet
quality parameters in Lake Manzala, Egypt, Ain Shams Eng J (2015), http://dx.doiby seawater. For station 3, it was found that there is high con-
centration of chlorophyll and high turbidity due to current or
discharge of polluted water of Bahr El-Baqar Drain.
5.2. The seasonal variations of the selected water quality
parameters
To define the quantitative impacts of the seasonal change of
the air temperature and relative humidity on the catchment
area of the lake, the water balance of the lake should be
detected. The water balance of any hydrologic system is the
relationship between gains and losses. The major inflows and
losses from the lake Manzala are drainage inflow, rainfall,
evaporation and tidal effect.
It should be emphasized that the drainage inflow to the
Lake represents the continuous inflow either by free discharges
or by pumping to the lake. The drainage system provided the
lake with about 2898 million cubic meters in year 2009–2010
from five main sources (Bahr El-Baqar drain, Hadus drain,
El-Serw pump station, Farasqur pump station and Mataria
pump station). The monthly inflows of the drainage system
to the lake are presented in Table 3. The maximum rate of
water discharged to the lake takes place in summer months.
Bahr El-Baqar drain discharges the maximum amount, which
is about 38% of the total volume while Bahr Hadus drain dis-
charges about 30% of the total volume and Mataria pump sta-
tion discharges about 20%. The rainfall data recorded at Port
Said station indicated that the mean annual rainfall over the
area is about 78.35 mm. This precipitation provides the lake
with mean annual volume of about 58.76 million cubic meters.
Analysis also demonstrates that the most rainfall takes place
during winter season (October–March). The area does not
receive any rainfall in the summer months. The maximum pre-
cipitation is received in December and January. On the other
hand, the evaporation measurements at Port Said Airport sta-
tion have been collected. The monthly values of evaporation
have been transformed to volumes of water losses from the
lake by considering the surface area of the lake. The annual
evaporation losses consume about 1277 million cubic meters.
The peak evaporation occurs late in spring and in early9–July, 2010).
h)
Lower Serw pump
station
Q (MCM/month)
Bahr Hadus
drain
Q
(MCM/month)
Total
Q
(MCM/month)
0.00 95.33 369
17.40 70.86 298
12.08 50.15 244
22.26 72.75 279
0.00 86.27 228
0.00 59.13 235
0.00 66.05 212
0.00 61.78 217
0.00 49.42 190
0.00 45.08 178
0.00 83.05 227
0.00 87.81 221
51.74 827.68 2898
ween temperature, relative humidity as independed variables and selected water
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Relations between temperature, relative humidity and water quality parameters 9summer with an average of 5 mm/day [22,40]. The data of
agricultural drainage discharges in the Lake indicated that
the quantities of drainage water in winter are less than in
summer and this may cause the seawater to enter the lake in
winter season due to tidal effect.
The collected data of station No. 1 were used to measure
the seasonal variation of the water quality parameters. Fig. 3
shows the results of the collected data from 27 July 2009 till
20 May 2010. The data were divided into four categories to
measure the seasonal and climatic variations of the selected
water quality parameters in Lake Manzala. The measurements
of the summer season (from 27 July to 31 October) were
divided into two categories including the measurements of
the day hours from 4 a.m. to 6 p.m. and the measurements
of the night hours from 7 p.m. to 3 a.m. The measurements7.8
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Figure 3 The seasonal variations of the water quali
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divided into two categories including the day hours and night
hours.
The seasonal analysis of the station 1 data revealed that the
lake water has a slight seasonal variation in the pH values. The
pH values fluctuated from 8.36 to 8.68 in the summer season
and fluctuated from 8.1 to 8.41 in the winter season. So, it is
clear that the pH values in summer season are slightly higher
than in winter season and this may be attributed to the photo-
synthesis activity as mentioned by Elewa et al. [36]. There is no
variation between day and night observations in both summer
and winter seasons as shown in Fig. 3a.
Fig. 3b shows that the Electrical Conductivity (EC) values
in summer season are higher than in winter season. This may
be attributed to the increasing flux of high saline water from0
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10 G.A.H. Sallam, E.A. Elsayedthe sea into the lagoon where the salinity in summer is lower in
the eastern part of the lagoon close to the entrances of the sea.
The influx is caused by the NW wind during summer month
(from April to October) that elevating the seawater level about
10 cm at Port Said on top of the tidal wave that equals to
about 15–30 cm twice a day. This influx of high saline bottom
water is mixed by wind in the lagoon and causes increase in
water salinity. Moreover, the EC values of drainage water in
summer are higher than in winter. It was also observed that
the variations in the water conductivity during day and night
hours of the two seasons are relatively limited. On the other
hand, Fig. 3c shows that the total dissolved solid values inTable 4 DataFit Results of Water Quality Parameters as a Functio
Parameters Curve fitting formula
pH Y= a RH+ b T+ (c Qb + d pHb) + (e Qf + f pHf) +
Qh + l pHh) + m TH
EC Y= a RH+ b T+ (c Qb + d ECb) + (e Qf + f ECf) +
Qh + l ECh) + m TH
TDS Y= a RH+ b T+ (c Qb + d TDSb) + (e Qf + f TDSf) +
+ (k Qh + l TDSh) + m TH
DO Y= a RH+ b T+ (c Qb + dDOb) + (e Qf + fDOf) + (
Qh + l DOh) + m TH
Turbidity Y= a RH+ b T+ (c Qb + d Turbidityb) + (e Qf + f Tu
Qs + j Turbiditys) + (k Qh + l Turbidityh) + m TH
Chlorophyll Y= a RH+ b T+ (c Qb + d Chlorophyllb) + (e Qf + f
Chlorophyllm) + (i Qs + j Chlorophylls) + (k Qh + l Chl
In which:
Y value of water quality parameter at Lake Manzala.
RH Relative Humidity (%).
T air temperature in Celsius.
TH Tide Height (m).
Q drainage discharge to the Lake (m3/s).
Symbol b Indicated for Bahr El-Baqar drain,
Symbol f Indicated for Farasqur drain.
Symbol m Indicated for Mataria drain.
Symbol s Indicated for Lower Serw drain.
Symbol h Indicated for Bahr Hadus drain.
Table 5 Regression variable results for the water quality paramete
Variable Value
pH EC TDS D
a 0.1354418 0.6824333 0.4951776 
b 0.0120662 0.3912431 0.2464844 
c 0.005695 0.101227 0.105267
d 0.227113 2.730906 5.821874 
e 0.002084 0.558166 0.571043 
f 0.853044 2.921978 2.156014
g 0.006621 0.085656 0.003229
h 0.347613 1.015365 2.258945 
i 0.016741 0.595924 0.384642 
j 0.024836 6.343165 7.620888
k 0.013357 0.084630 0.055895
l 0.338071 1.536349 0.000818 
m 1.2425148 64.863265 49.3144561 
Please cite this article in press as: Sallam GAH, Elsayed EA, Estimating relations bet
quality parameters in Lake Manzala, Egypt, Ain Shams Eng J (2015), http://dx.doisummer season are higher than in winter season. This is attrib-
uted to the fact that the primary sources of TDS in receiving
waters are agricultural runoff drainage and the inflow to the
lake in summer season is more than in winter season as shown
in Table 3.
As mentioned before, the water of Lake Manzala is moder-
ately oxygenated. There is a limited seasonal variation in the
measurements as shown in Fig. 3d. It is clear that, the values
of DO in winter are higher than in summer and it is also higher
during the day hours than in the night hours in the two sea-
sons. The lower values in summer are related to the increasing
flow of drainage water with low DO to the lake as shown inn of Air temperature and Relative Humidity.
Standard
error
R2 MPRE
(g Qm + h pHm) + (i Qs + j pHs) + (k 0.11 0.86 0.01
(g Qm + h ECm) + (i Qs + j ECs) + (k 3.49 0.89 7.34
(g Qm + h TDSm) + (i Qs + j TDSs) 2.18 0.89 6.60
g Qm + hDOm) + (i Qs + jDOs) + (k 1.45 0.80 6.69
rbidityf) + (g Qm + h Turbiditym) + (i 19.00 0.24 40.18
Chlorophyllf) + (g Qm + h
orophyllh) + m TH
28.31 0.31 27.42
rs.
O Turbidity Chlorophyll
3.8967745 33.1182041 4.3551157
0.0123427 1.2056819 0.2389734
0.0953 83897755253.6685 128051766417.3260
2.9578 94438380632.4766 161913793836.7650
0.1862 112528842065.9600 122826103539.3790
0.5878 91429209148.7359 186952722790.7160
0.1065 16146990316.0311 61911069549.3874
0.0343 35104171069.3524 2585826502540.59
0.2518 113764012681.8710 195678699525.5920
1.4644 158403231983.2600 3770096570119.0000
0.2562 26888717400.1894 41328104017.2202
0.5766 231657823984.2430 69584145294.3440
1.25164715 2.667814091 50.4238548
ween temperature, relative humidity as independed variables and selected water
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Relations between temperature, relative humidity and water quality parameters 11Table 3. Besides that, the increasing flow of drainage water
increases the productivity of floating algae in the lake which
consume oxygen and decrease its levels. This agrees with Ali
[13] who mentioned that the water of Lake Manzala is well
oxygenated during different time intervals except the inlet of
Bahr El-Baqar region which suffered from complete depletion
of dissolved oxygen around the year especially during hot
months as a result of decomposition of organic matter and
materials consumed the dissolved oxygen. However, the max-
imum value of DO (10.2 mg/l) was recorded during December
due to decrease of temperature and to the prevailing winds
which permit to increase the solubility of atmospheric oxygen.
But he only has measured during daytime where the plankton
primary production supersaturates the water with DO.
Fig. 3d shows that there is DO depletion during night below
2 mg/l just before dawn. It is an effect of eutrophication because
during day the photosynthesis supersaturates thewaterwithDO
and after sunset the high concentration of plankton and organic
debris respires the DO to low values. Any plans of fish farming
under theseDOconditions are unlikely to be successful. The val-
ues of DO in the summer days vary from 0.12 mg/l to 13.52 mg/l
with amedian value equal to 6.47 mg/l and in the summer nights
vary from 0.32 mg/l to 11.54 mg/l with a median value equal to
5.59 mg/l.On the other hand, the values ofDO in thewinter days
vary from 0.74 mg/l to 10.91 mg/l with a median value equal to
7.23 mg/l and in the winter nights vary from 0.14 mg/l to
10.12 mg/l with a median value equal to 6.4 mg/l. These results
are in agreement with Elewa et al. [36] who found that the values
of DO fluctuated between 3.0 and 8.4 mg/1 and the highest val-
ues were recorded during the cold period (autumn and winter),
while the lowest values were observed during the hot period
(spring and summer) as a result of temperature elevation. Fishar
[37] also noted that dissolved oxygen values were high in winter.
El-Wakeel and Wahby [18] observed that the DO values
show wide variation on a spatial basis. The fluctuation is partic-
ularly in regions of the lake with water plants. In these regions,
the dissolved oxygen values are lowest in the winter months
due to the consumption of oxygen due to the fermentation of
water plants and reduced sunshine in winter months. In other
regions of the lake that are devoid of plants the winter dissolved
oxygen values are on an average higher than summer values.
Fig. 3e shows that there is a limited fluctuation in the tur-
bidity measurements in both winter and summer seasons.
For chlorophyll measurements there is more fluctuation in
measurements in summer season than in winter season. As
chlorophyll is produced by the phytoplankton, the amount
of chlorophyll in water is usually highest in summer and lowest
in winter because it is not easy for plants to grow in winter and
as mentioned before the increasing flow of drainage water in
summer increases the productivity of floating algae. For that,
the chlorophyll values in summer season are slightly higher
than in winter season in Lake Manzala. There is some varia-
tion between day and night observations in both summer
and winter as shown in Fig. 3f. It is clear that the chlorophyll
values in night hours are slightly higher than in day hours.T
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35.3. Data-Fit results
Secondly, Data-Fit software as a science and engineering tool
that simplifies the tasks of data plotting, regression analysis
(curve fitting) and statistical analysis was used to elaboratePlease cite this article in press as: Sallam GAH, Elsayed EA, Estimating relations between temperature, relative humidity as independed variables and selected water
quality parameters in Lake Manzala, Egypt, Ain Shams Eng J (2015), http://dx.doi.org/10.1016/j.asej.2015.10.002
Table 7 Predicted and measured in-situ water quality.
Date of in-situ
sampling
Relative
humidity (%)
Air
Temperature
Tide
Height (m)
Avg.
Actual EC
Predicted
EC
Avg.
Actual pH
Predicted
pH
Avg.
Actual DO
Predicted
DO
August 2010 78 29 0.55 28.17 27.96 8.29 8.64 5.11 3.10
November 2010 74.6 23 0.52 14.6 17.29 8.21 8.31 5.26 5.29
February 2011 72 16.5 0.35 8.8 4.35 8.43 7.99 7.37 9.90
May 2011 73 22 0.39 14.88 18.22 8.43 8.14 5.01 7.26
August 2011 74 28 0.55 26.48 27.59 8.56 8.45 2.73 2.17
November 2011 70 19 0.52 9.2 12.03 8.35 8.30 6.17 7.31
February 2012 75 14 0.35 5.35 6.1 7.46 7.81 15.7 11.51
May 2012 73.96 22.6 0.39 21.33 19 8.4 8.28 8.33 6.96
November 2012 75 22 0.52 7.93 7.79 8.4 8.61 5.81 5.01
February 2013 74 16.5 0.35 8.48 3.17 8.07 8.08 4.37 5.63
12 G.A.H. Sallam, E.A. Elsayedsimple formulae that can help in predicting the water quality
parameters of Lake Manzala including pH, DO, EC, TDS,
Turbidity, and Chlorophyll as a function of air temperature,
relative humidity and tide height at port said as co-varying
with wind speed and direction in addition to drainage dis-
charge quantities and qualities as the main factors that affect
the water quality parameters of the Lake. The fitting curve
process was carried out using the collected data of station
No. 1 and the measured data of the drainage water quantity
and quality that was taken by Drainage Research Institute in
the same period from July 2009 till May 2010. The regression
models (formulae) were developed for each water quality
parameter, and then sorted according to the goodness of fit cri-
teria (Residual Sum of Squares and Mean Percentage Relative
Error). In all cases, the formula that has higher coefficient of
determination (R2) and less Mean Percentage Relative Error
(MPRE) was selected as a best fitted formula. The Mean Per-
centage Relative Error was calculated as follows:
MPRE ¼
X
f½ðModel result
 Field measurementÞ=Field measurement
 100g=Number of results
Tables 4 and 5 show the statistical results and the regression
variables of Data-Fit. The values of R2 of the curve fitting for-
mulae for pH, EC, TDS, DO, turbidity and chlorophyll are
0.86, 0.89, 0.89, 0.80, 0.24 and 0.31 respectively. On the other
hand, the values of MPRE of the curve fitting formulae for
pH, EC, TDS, DO, turbidity and chlorophyll are 0.01%,
7.34%, 6.6%, 6.69%, 40.18% and 27.42% respectively. The
high values of R2 and low values of MPRE for pH, EC,
TDS and DO indicate significant correlation coefficients.
Thus, these formulae proved to perform well in predicting
these water quality parameters in relation to the air tempera-
ture and relative humidity. Moreover, the low values of R2
and high values of MPRE for turbidity and chlorophyll mean
that there is no empirical relation between air temperature and
relative humidity and these two parameters.
The predicted formulae were tested using the in-situ mea-
surement data of water quality of Lake Manzala that was car-
ried out monthly by the Egyptian Environmental Affairs
Agency (EEAA) through ten stations which covered the whole
area of the lake from August 2010 to February 2013. The
developed equations were used to predict the pH, EC and
DO parameters using the measured data of drainage water
quantity and quality that discharge into Lake Manzala asPlease cite this article in press as: Sallam GAH, Elsayed EA, Estimating relations bet
quality parameters in Lake Manzala, Egypt, Ain Shams Eng J (2015), http://dx.doishown in Table 6 and the air temperature and relative humid-
ity of the Port Said Airport weather station. The predicted
data and the actual in-situ measurements as an average for
the ten stations were compared together as shown in Table 7.
The percentage of the errors between the actual measured
water quality data (AWQ) and the predicted water quality
(PWQ) was carried out to check the accuracy of the predicted
equations as follows:
Diff ¼ PWQAWQ
Error% ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP ðDiff:Þ2
q
n
0
@
1
A=avg:AWQ
It was found that, the error percentage for pH values is
equal to 0.94%. On the other hand for EC values, it was equal
to 6% and for DO it was equal to 9%. The error percentages
for the different parameters are less than 10% which could be
considered as minor error and the predicted equations could be
accepted as empirical relation between air temperature and
humidity and water quality parameters
6. Conclusions
Lake Manzala is the largest and the most productive lake of
the northern Egyptian coastal lakes. Due to the special sensi-
tive environments of the lake, the water circulation and conse-
quently the water quality of the lake are affected by climatic
variables. Therefore, it was important to measure the regional
and seasonal variations of some selected water quality param-
eters of the Lake in relation to the change of two climatic vari-
ables which are air temperature and relative humidity during
the day and night of the summer and winter seasons using
the continuous measurements data of the Real Time Water
Quality monitoring stations in the Lake. The collected data
were used to elaborate an empirical relation between air tem-
perature and relative humidity and pH, DO, EC, TDS, Tur-
bidity, and Chlorophyll.
For the regional variations, the recorded measurements
clear that the lake is, in general, brackish. The Lake has high
salinities in the northern region of the Lake which is impacted
by saltwater. The salinities are slightly lower in the other
regions which are strongly affected by drain effluents. The
total dissolved solid values have the same trend as the salinities
measurements. It was found that the pH values in the lake are
alkaline and have a slight regional variation. The pH valuesween temperature, relative humidity as independed variables and selected water
.org/10.1016/j.asej.2015.10.002
Relations between temperature, relative humidity and water quality parameters 13near the drains are lower than the other areas of the lake. In
the regions that affected by drain effluents there is high con-
centration of chlorophyll and high turbidity while in the other
regions which are impacted by seawater there is also high tur-
bidity but low chlorophyll. It was clear that there is a slight
seasonal variation in the pH values. The salinities values in
the summer season are higher than in the winter season. It
was also observed that the variations in the water salinities
during day and night hours of the two seasons are relatively
limited. The total dissolved salt values have the same trend
as the salinities measurements. The values of DO in winter
are higher than in summer and it is also higher during the
day hours than the night hours in the two seasons. There is
DO depletion during night as an effect of eutrophication so
any plans of fish farming under these DO conditions are unli-
kely to be successful. There is a limited fluctuation in the tur-
bidity measurements in both winter and summer seasons. For
chlorophyll measurements there is more fluctuation in mea-
surements in summer season than in winter season.
The statistical results of Data-Fit showed that the values of
R2 of the curve fitting formulae for pH, EC, TDS, DO, turbid-
ity and chlorophyll are 0.86, 0.89, 0.89, 0.80, 0.24 and 0.31
respectively. The low values of R2 for turbidity and chlorophyll
mean that there is no empirical relation between air tempera-
ture and relative humidity and these two parameters. The per-
centage of the errors between the actual measured water
quality data (AWQ) and the predicted water quality (PWQ)
were equal to 0.94%, 6% and 9% for pH, EC and DO respec-
tively which could be considered as minor error and the pre-
dicted equations could be accepted.References
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